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In this study, M06-2X/6-311+G(2d,2p) level calculations were performed to 
examine the binding energies and vibrational frequencies of different conformers of 
phenylalanine dipeptide interacting with metal ions (Na+, K+, Mg2+ and Ca2+). Four 
conformers were selected from the list of 20 most stable structures. The main goal was to 
understand the influence of conformers on the binding affinity of metal ions with 
different conformers of phenylalanine dipeptide. In agreement with experimental results, 
interactions of metal ions with two aromatic rings along with lone pair electrons of 
oxygen produced high stability. Binding energy was lowest for the metal ion interacting 
with only one aromatic ring. This study revealed the binding affinity order of metal ions 
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1.1 Importance of α-Amino Acids in Biological Systems 
 
Amino acids are building blocks of peptides and proteins. They are linked 
together by covalent bonds called peptide bonds. Twenty naturally occurring amino acids 
are classified into essential and nonessential amino acids. The essential amino acids 
cannot be synthesized by the human body and they can be only taken as a supplement.1 
Histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan 
and valine are essential amino acids. Dipeptides, tripeptides and tetrapeptides are well 
known simple peptides of amino acids. Histidine dipeptide can be found in skeletal 
muscles and the central nervous system. It acts as catalyst due to its side chain imidazole 
ring.2-3 Histidine dipeptide have protective effects against progression of metabolic 
syndrome, which is associated with a state of elevated systemic oxidative stress and 
inflammation.4 Moreover, it is important in biological activities including enzyme 
activation, inhibition of protein, and DNA synthesis.5-6 
Aromatic amino acids [phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp)] 
have hydrophobic (nonpolar) side chains, and they can interact easily with other nonpolar 
molecules in water. However, they can make strong interactions with polar and charged 
residues.7 Phenylalanine has great significance in bionanoscience due to the self-




have a dominant role in many areas such as molecular recognition and chemical diversity, 
can be used in biotechnological applications and nanotechnological devices.9-11 Phe and 
Trp have a major role in fluorescence quenching. In protein folding, the interactions 
between Trp and Phe are important for molecular recognition.12 Proline is a nonessential 
amino acid and has a functional character in protein for example, protein folding, because 
the proline residue lacks hydrogen bond donor on the amide group.13-15 The importance 
of diphenylalanine has emerged as the promising building blocks to form well-ordered 
nanostructures that are stabilized by noncovalent interactions.16-17 
Naturally occurring aromatic α-amino acids, Phe, Tyr and Trp, have a specific 
property such as hydrophobic side chain with additional capabilities.18 They constitute 
~8.4% of all amino acids that build up proteins.19 The covalent (peptide) bonds that join 
amino acids together determine the primary structures of peptides and proteins. Peptides 
and protein structures consist of noncovalent interactions that happen among various 
amino acids, as well as with numerous metal ions, substrates, and solvents.20 It is 
important to highlight that noncovalent interactions play a vital role in several areas of 
chemistry and biology, especially within supramolecular chemistry and molecular 
biology.21-22  
Cation-π interactions are one of the noncovalent interactions that occur between 
cations and π systems. The role of cation-π interactions in determining the shape and 
characteristics of peptides and proteins is well recognized like hydrogen bonds, salt 
bridges and hydrophobic forces.23-24 Cation-π interactions are also given importance in 




significant in biological and chemical sciences.25 Computational and experimental efforts 
reveal that cation-π interactions have a dominant role in many areas of chemical and 
biological sciences.24, 26-30 Many studies reported that the double cation-π interaction is 
important in organometallic chemistry when the metal ion is located between aromatic 
rings as sandwich shape.31 
 
1.2 Binding of Metal Ions with Aromatic Amino Acids 
Alkali metal ions (Na+ and K+) play a dominant role in many parts of living 
systems involving ion channels.32-33 Calcium, an alkaline earth metal ion, is essential in 
nutrition for bones and teeth. It helps in muscles contraction, calcium membrane-
transport channels, and protection against many diseases, for example, osteoporosis that 
is caused by calcium deficiency.34-35 In the past decade, 20 naturally occurring α-amino 
acids and their interactions with alkali metal ions were examined both experimentally and 
theoretically.20, 36-46 The studies on the interactions of alkali metal ions with various 
peptides and proteins are important to understand many biological processes.47-50 Cation-
π interactions mainly include charge transfer effects, and dispersion forces in many 
contexts of biological system, particularly involving aromatic amino acids such as 
tyrosine, phenylalanine and tryptophan.23, 51-57 
 The interactions of alkali metal ions with peptide can be studied experimentally 
in the gas phase. Many experimental and theoretical studies reveal the importance of the 
binding of Na+ with biological molecules in the gas phase.38, 58-59 The Threshold 




dissociation energies.60 TCID was used to investigate K+-glycine complexes.61 Also, it 
was used to explore the binding of  K+ with aromatic amino acids.20  
In case of Na+-K+-ATPase enzymes, Na+ and K+ interact with specific residue of 
amino acids at the entrance of the channel.62 The heavy alkali metal ions such as Rb+ and 
Cs+ are required for homeostasis and cellular function.63-65 Previous works reported the 
effect of polarity of side chains of Na+ and K+ with different amino acids on the binding 
energies.20, 65-66 67-68  
 In a computational study, Dunbar reported low energy conformers of aromatic 
amino acids binding with Na+ and K+.69 Cation-π interactions are used in self-assembly 
and protein folding in biological systems,23, 26, 70-75 and play a key role within the ion 
channels.76-83 In digestion, precipitation of calcium salts can be prevented with the help of 
absorption of Ca2+ in the intestine by strong binding of Ca2+ with peptide and protein.84-85 
Electrochemical measurements and computational studies are helpful in determining the 
binding affinity of Ca2+ with amino acids. This knowledge will be useful to maintain the 
calcium ion concentration during digestion.86 
 
1.3 Binding of Metal Ions with Di- and Tri-Peptides of Aromatic Amino Acids 
Insufficient calcium intake leads to rickets and osteoporosis, which affects more 
than 75 million people worldwide.87 Experimental and computational study reported the 
calcium binding affinity of amino acids and series of glycine dipeptides in order to design 
peptides for better calcium bioavailability for applications in food chemistry.86 A 
comprehensive computational study examined series of divalent metal ions binding with 




calcium and lead ions on the binding affinities.88 An experimental study reported seven, 
five and three different conformations for tyrosine, tyrosine-glycine dipeptide, tyrosine-
glycine-glycine tripeptide, respectively, and the results were complemented by density 
functional theory calculations.89 A computational study has recently reported selected 
dipeptides of aromatic amino acids.90 Recent review reveals the protective effects of 
histidine dipeptides against metabolic syndrome.91 Binding of alkali metal ions Na+ and 
K+ with phenylalanine dipeptide make only one cation-π interaction in open-cage 
structures. However, binding of Ca2+ and Mg2+ with phenylalanine dipeptide exhibits 
strong cation-π interaction with the structure of highly compact cage.31 
This work is aimed to estimate the binding strength of metal ions (Na+, K+, Mg2+ 
and Ca2+)
 
with phenylalanine dipeptide and to investigate the positional preference of 
these metal ions with different conformers of Phe-Phe dipeptide. The data generated from 












2.1 Hartree-Fock (HF) 
 
Hartree-Fock (HF) is the basic ab initio model. It uses the approximation that 
columbic electron-electron repulsion can be averaged, instead of considering explicit 
repulsion interactions (central field approximation). HF model is used in the finding of 
solution for a multi electron atom also can be used for a molecule for time independent 
Schrödinger equation. Spin orbital, an electron wave function is the starting point of the 
HF method where an approximation is used. 
 
2.2 Density Functional Theory (DFT) 
In this study, DFT calculations were used for many reasons: the accuracy of this 
theory, the cost and it is good fit for the ground state of electronic systems. DFT is 
described as a quantum mechanical (QM) method that is widely used in chemistry and 
materials science.92 The formalism of DFT demonstrates that the electron density 
distribution can determine the ground state (GS) and other properties of system of 
electrons in an external field.92 A “density function” is known as one-particle reduced 
density matrix that totally defines the full state of the atom within the Hartree-Fock (HF) 
approximation; “it is not necessary to identify the individual three-dimensional wave 




by Hartree who introduced the idea of a “self-consistent field” with specific reference to 
valence electrons and groups of core electrons.94-95  
Now, the calculations of DFT on molecules are based on the Kohn-Sham (KS) 
approach. KS equation described as the one electron Schrödinger equation of non-
interacting particles that produce the same density as any offered organization of 
interacting particles.96 It can be realized that 𝜌(x, y, z) is referred to the “component” one-
electron spatial wavefunctions ѱi of a single-determinant wavefunction ѱ by 




2            (1) 
 
2.3 M06-2X Functional 
Both M06 and M06-2X are hybrid meta exchange-correlation functionals were 
developed by Zhao and Truhlar. M06 functional is parametrized for both transition 
metals and nonmetals whereas M06-2X functional is parametrized for nonmetals. Both 
M06 and M06-2X have been widely used because of their broad applicability. The 
performance of M06-2X functional is generally good for noncovalent interactions in 
thermodynamic chemistry. This functional was chosen because of its reliability for the 
calculations of binding energies, vibrational frequencies of phenylalanine dipeptide 
complexation with metal ions. M indicates Minnesota density functional, 06 is the year of 
2006 of Minnesota family and 2X means twice as much (54%) HF-exchange as for 
M06.97 It should be noted that M06-2X is suitable for noncovalent interactions, general 
thermochemistry and kinetics more than M06.98 M06 and M06-2X functionals were 




competitive with B3LYP where transition metals and weak interactions are not of 
primary importance.97 
 
2.4 Basis Set 
 A basis set in computational chemistry is defined as a set of functions that 
describe the atomic orbital’s shape. All the calculations in this study were performed by 
using a 6-311+G(2d,2p) basis set which is a combination of diffuse and polarization 
functions. This is Pople’s basis set of split valence triple- quality. Here, the + indicates 
to the diffuse function that provides flexibility to the “tail” portion of the atomic orbitals, 
and (2d,2p) indicates the polarization functions added for each atom. 6-311+G(2d,2p) is 
generally used for inter- and intra-molecular interactions because of its accuracy.  
 
2.5 Calculations 
In this study, systematic conformational analysis was performed for the dipeptide 
of phenylalanine using the Merck Molecular Force Field (MMFF) implemented in the 
Spartan’16 program.99 The first 20 most stable dissimilar structures out of 492 
conformers were selected for further optimizations at the HF/3-21G and M06-2X/6-
31G(d) levels. From the optimized geometries of 20 conformers at M06-2X/6-31G(d) 
level, three low-lying conformers and one high energy conformer were selected to 
explore the binding of metal ions (Na+, K+, Mg2+, and Ca2+) with them. Then, three or 
four possible binding modes were considered for each of the conformer to build 
complexes with each of the metal ion. By using Gaussian 16 program package,100 all 
complexes and the corresponding dipeptides were fully optimized with M06-2X/6-




the structures are minima on the potential energy surface. All the binding energies were 
calculated using the following equation: 
∆E= – [E(complex) – E(π-system) – E(cation)]            (4) 
Binding energies were corrected for basis set superposition error (BSSE) by using 


















RESULTS AND DISCUSSION 
 
 
3.1 Conformational Analysis of Phe-Phe Dipeptide 
 
 Based on the conformational analysis of Phe-Phe dipeptide performed using 
MMFF force field implemented in Spartan’16 program, we have chosen the first 20 low-
energy conformers by considering different relative energies and structures. These 
conformers were optimized at different levels HF/3-21G, M06-2X/6-31G(d) and M06-
2X/6-311+G(2d,2p). Total energies and relative energies obtained at these levels for all 
20 conformers are listed in Table 1.  
Table 1. Total Energies (E, Hartree) and Relative Energies (∆E, kcal/mol) of Selected 20 
Conformers of Phe-Phe Dipeptide* 
 HF/3-21G M06-2X/6-31G(d) M06-2X/6-311+G(2d,2p) 
Conformers Total E ∆E Total E ∆E Total E ∆E 
  1 -1021.09955 0.00 -1032.74918 0.00 -1033.09085 0.00 
  2 -1021.09358 3.75 -1032.74664 1.60 -1033.08831 1.59 
  3 -1021.09194 4.78 -1032.74329 3.70 -1033.08621 2.91 
  4 -1021.09193 4.78 -1032.74329 3.70 -1033.08621 2.91 
  5 -1021.09832 0.77 -1032.74897 0.14 -1033.09082 0.02 
  6 -1021.09488 2.93 -1032.74546 2.34 -1033.08908 1.11 
  7 -1021.09194 4.78 -1032.74329 3.70 -1033.08621 2.91 







 HF/3-21G M06-2X/6-31G(d) M06-2X/6-311+G(2d,2p) 
Conformers Total E ∆E Total E ∆E Total E ∆E 
  9 -1021.08689 7.94 -1032.74111 5.07 -1033.08337 4.69 
10 -1021.09375 3.64 -1032.74091 5.19 -1033.08478 3.81 
11 -1021.09479 2.99 -1032.74238 4.27 -1033.08572 3.21 
12 -1021.09659 1.86 -1032.74426 3.09 -1033.08736 2.18 
13 -1021.09056 5.64 -1032.74319 3.76 -1033.08580 3.17 
14 -1021.09002 5.98 -1032.74107 5.10 -1033.08448 4.00 
15 -1021.09804 0.95 -1032.74593 2.04 -1033.08850 1.48 
16 -1021.08718 7.76 -1032.74136 4.91 -1033.08365 4.52 
17 -1021.08898 6.63 -1032.74116 5.04 -1033.08310 4.86 
18 -1021.09021 5.86 -1032.74128 4.96 -1033.08378 4.43 
19 -1021.09152 5.04 -1032.74380 3.38 -1033.08717 2.30 
20 -1021.09214 4.65 -1032.74155 4.79 -1033.08411 4.23 
 
*1 = first ligand 1P; 2 = second ligand 2P; 15 = third ligand 3P; 18 = fourth ligand 4P. 
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Figure 1. Continued. 
 
From the list of 20 conformers shown in Figure 1, the three low energy and one 
high energy conformers for interactions with metal ions of (Na+, K+, Mg2+ and Ca2+) were 
selected. Selected four conformers are 1, 2, 15 and 18 that are correspondingly labeled as 
1P, 2P, 3P and 4P. At M06-2X/6-31G(d) level, the values of relative energy for four 
ligands range 0.00-4.96 kcal/mol. However, at M06-2X/6-311+G(2d,2p) level, the 
relative energy range is 0.00-4.43 kcal/mol. M06-2X/6-311+G(2d,2p) level showed the 
lowest relative energies for all four ligands.  
Figure 2 provides the relationship between 20 conformers and their relative 
energies.  As shown in Table 1, conformer 1 is the lowest energy conformer at 3 different 







Figure 2. Variation of relative energies, ∆E in (kcal/mol) among 20 conformers obtained 
at 3 different levels. 
 
HF/3-21G level generally produces higher values of relative energies compared to 
DFT level (Table 1). In particular, the relative energy values for 9 and 16 are 
significantly higher compared to the results at M06-2X functional. This could be 
attributed to lack of electron correlation at HF method and the small basis set. The trends 
obtained using M06-2X functional with two different basis sets are very similar. 
However, 6-311+G(2d,2p) basis set yields lower relative energy values compared to 6-






3.2 The Binding of Metal Ions with Phe-Phe Dipeptide 
 Four different conformers (1P, 2P, 3P and 4P) of Phe-Phe dipeptide were chosen 
to build complexes with alkali (Na+ and K+) and (Mg2+ and Ca2+) metal ions. Several 
possibilities were considered for metal ion binding with each of the conformer. Twelve  
complexes were generated for each conformer of 1P, 2P and 4P. In case of 3P, sixteen 
complexes were generated. Thus, total of 52 complexes were optimized at M06-2X/6-
311+G(2d,2p) level and vibrational frequency calculations were performed to report and 
analyze the IR spectra.  
In this thesis work, the binding of Na+, K+, Mg2+ and Ca2+ with Phe-Phe dipeptide 
almost produces multiple interactions: double cation…π, C-H…π, cation…lone pair of 
electrons and intramolecular hydrogen bonds. In Table 2, the binding energies without and 
with basis set superposition error (BSSE) correction obtained at M06-2X/6-311+G(2d,2p) 
level are provided.  
Table 2. The Binding Energies without and with Basis Set Superposition Error 
Correction (∆E and ∆EBSSE respectively) Obtained at M06-2X/6-311+G(2d,2p) Level for 
the Interactions of Phe-Phe with Selected Metal Ions  
Phe-Phe Complex M= Na+ M=K+ M=Mg2+ M=Ca2+ 
1P 1P-M-1 37.1 (36.0) 27.4 (26.9) 240.9 (239.7) 182.4 (181.7) 
 1P-M-2 46.5 (45.9) 32.9 (32.7) 228.1 (226.9) 163.6 (162.8) 
 1P-M-3 29.2 (28.6) 21.6 (20.7) 151.1 (150.4) 101.3 (101.0) 
2P 2P-M-1 25.9 (25.3) 18.5 (18.2) 140.3 (139.8) 95.1 (94.8) 
 2P-M-2 34.1 (33.4) 24.8 (24.5) 257.7 (256.8) 172.8 (172.0) 








Phe-Phe Complex M= Na+ M=K+ M=Mg2+ M=Ca2+ 
3P 3P-M-1 42.6 (42.0) 28.7 (28.2) 227.1 (226.3) 144.9 (144.3) 
 3P-M-2 50.8 (50.2) 36.9 (36.6) 249.5 (248.9) 181.3 (180.9) 
 3P-M-3 26.9 (25.7) 19.8 (19.6) 143.5 (143.0) 105.1 (104.6) 
 3P-M-4 31.5 (30.9) 23.6 (22.7) 152.2 (151.7) 105.1 (104.6) 
4P 4P-M-1 29.3 (28.7) 21.6 (21.3) 148.4 (147.9) 103.0 (102.7) 
 4P-M-2 52.7 (51.4) 41.0 (40.5) 235.1 (234.0) 190.3 (189.5) 
 4P-M-3 28.4 (27.8) 20.8 (20.5) 153.2 (152.6) 107.4 (107.0) 
 
Note: All values are in kcal/mol.  
*1P = first ligand of Phe-Phe; 2P = second ligand; 3P = third ligand; 4P = forth ligand; P = phenylalanine; 
1P-M-1 = first ligand with Na+, K+, Mg2+, Ca2+ respectively; Phe-Phe = phenylalanine dipeptide; the values 
outside brackets indicate the ∆E; the values in brackets indicate the ∆EBSSE corrected values. 
 
Figure 3 illustrates the complexes of ligand 1P with four different metal ions. 
Interesting points can be realized; first, the binding energies of ligand 1P with Na+ in 3 
diverse positions are slightly different. It is clearly observed that in the complex 1P-Na+-2, 
Na+ binds to the center of aromatic ring stronger than those in 1P- Na+-1 and 1P- Na+-3 
which is indicated by 2.456 Å. Also, the binding energy value for 1P-Na+-2 is 46.5 
kcal/mol, which is a higher value compared to the values of 1P- Na+-1 and 1P- Na+-3. 
Nevertheless, 1P- Na+-2 has longest distance from Na+ to the center of ring compared to 
the other two positions with the same metal ion. There are multiple interactions in 
complex 1P-Na+-2 because Na+ almost inside the cage. These interactions are: cation…π, 
C-H…π, N-H…cation and intramolecular hydrogen bonds. All these interactions make the 
complex very stable. Conformer 1P produces the binding energy range of 29-46 kcal/mol 





















1P-K+-1 1P-K+-2 1P-K+-3 
 
Figure 3. M06-2X/6-311+G(2d,2p) level optimized geometries of all complexes with 
metal ions at three different positions formed by ligand 1P.  






















Figure 3. Continued. 
 
 The binding energy value of 1P-K+-2 is higher than that of 1P-K+-1 and 1P-K+-3. 
In the complex of 1P-K+-2, K+ binds stronger with the aromatic ring comparing with 1P-
K+-1 and 1P-K+-3. In 1P-K+-2, the distance between K+ and the ring complex is 2.807 Å 
which is longer than that in 1P-K+-1 and 1P-K+-3. Thus, the binding energy range of 1P 
with K+ is 21.6-32.9 kcal/mol. It is important to mention that the distance from K+ to the 
center of the ring is longer than that for Na+ because the ionic radius of K+ greater than 
Na+. As seen in Figure 3, the amino group in both complexes 1P-Na+-3 and 1P-K+-3 is 





On the other hand, the interaction of the same ligand with Mg2+ and Ca2+ is 
different. The most interesting and important feature of 1P-Mg2+-1 and 1P-Ca2+-1 is the 
emergence of the caged (closed) structures which indicate the strong cation-π interaction. 
Hence, it can be noticed that Mg2+ binds stronger than Ca2+ with the two aromatic rings 
of Phe-Phe. This is indicated by 2.120 and 2.177 Å. The longest distance between the 
center of two rings and Ca2+ of 2.431 and 2.464 Å is obtained for 1P-Ca2+-1. The data 
indicate that the metal ion binding has influence on the rings distance of the ligand.  
As indicated in Table 2, 1P- Mg2+-1 shows a high binding energy value which is 
240.9 kcal/mol; however, the binding energy value of 1P- Ca2+-1 is 182.4 kcal/mol. 
Obviously, the differences are great between the complexes with Na+, K+, Mg2+ and Ca2+, 
so the structures with Mg2+ and Ca2+ in position 1 have been changed. The change of the 
structure happened due to the strong influence of metal ion binding with the ring in 
position 1. Also, the impact of lone pair of electrons on cation- interactions has been 
undertaken to explore computationally. The two rings and the metal ions are twisted 
leading to sandwich shape. This shape produces double cation-π interactions which make 
these complexes stable. Substantial difference in binding energies for complexes of each 
metal ion indicates a strong positional preference of metal ion with specific conformer. 
 As seen in Figure 4, the carboxylic group in all the complexes is switched and 
there is no hydrogen bond comparing with the ligand 1P complexes. In case of 2P, it can 
be realized from Table 2 that the Na+ binds stronger than K+ in all three positions. 



















2P-K+-1 2P-K+-2 2P-K+-3 
 
Figure 4. M06-2X/6-311+G(2d,2p) level optimized geometries of all complexes with 
metal ions at three different positions formed by ligand 2P.  












   
2P-Ca2+-1 2P-Ca2+-2 2P-Ca2+-3 
 
Figure 4. Continued. 
 However, complex 2P-Na+-3 has 53.0 kcal/mol, which is the most stable complex 
compared to 2P-Na+-1 and 2P-Na+-2. Complex 2P-K+-3 follows similar trend when the 
metal ion is encapsulated between two rings. Therefore, 2P-Na+-3 and 2P-K+-3 have 
double cation-π interactions due to the metal ions that bind with 2 aromatic rings and also 
with three lone pair of electrons. 
In case of Mg2+ and Ca2+, 2P-Mg2+-2 and 2P-Ca2+-3 are the higher energy 
complexes because the metal ions interact with two rings. Therefore, these complexes 





and Ca2+ in the first position display the lowest binding energies due to the binding of 
metal ions with one aromatic ring. From Table 2, the high value of 257.7 kcal/mol 
obtained for complex 2P-Mg2+-2 indicates that the complex appears to be stabilized by 
the contribution of two oxygen and one nitrogen lone pair-cation interactions in addition 
to cation- interactions. Clearly, the extent of increase of the distance between the center 
of rings and the metal ion is significant for 2P while placing the metal ion in position 3 
and the trend is in the order of  Mg2+ < Na+< Ca2+ < K+ complexes. It is worth to mention 
that the distance of O…M+ in complex 2P-Ca2+-2 obtained at M06-2X/6-311+G(2d,2p) 
level is 2.23 Å, which is in very good agreement with the computational value of 2.27 Å 
at B3LYP/6-311+G(d,p) level.31 
 As seen in Figure 5, the conformer 3P considered here exhibit the binding energy 
range of 26.9-50.8 kcal/mol for Na+, 19.8-36.9 kcal/mol for K+, 143.5-249.5 kcal/mol for 
Mg2+, and 105.1-181.3 kcal/mol for Ca2+. All the complexes with Na+, K+, Mg2+ and Ca2+ 
in the second position are the higher energy complexes because the metal ions bind with 
one aromatic ring and also with two oxygens and one nitrogen. In case of 3P-Na+-2 and 
3P-Mg2+-2, there are multiple interactions: cation…π, C-O…cation and cation…N-H and 
intramolecular hydrogen bond compared to 3P-Na+-1. The second higher complexes are 
3P-Na+-1 and 3P-Mg2+-1 because the metal ions bind with one ring and lone pair of 
electrons of (two nitrogen). In case of 3P-Na+-3, 3P-Na+-4, 3P-Mg2+-3 and 3P-Mg2+-4, 
























3P-Mg2+-1 3P-Mg2+-2 3P-Mg2+-3 3P-Mg2+-4 
 
Figure 5. M06-2X/6-311+G(2d,2p) level optimized geometries of all complexes with 
metal ions at four different positions formed by ligand 3P.  








3P-Ca2+-1 3P-Ca2+-2 3P-Ca2+-3 3P-Ca2+-4 
 
Figure 5. Continued. 
 
 In Figure 6, conformer 4P demonstrates the binding energy range 28.4-52.7 
kcal/mol for Na+, 20.8-41.0 kcal/mol for K+, 148.4-235.1 kcal/mol for Mg2+, and 103.0-
190.3 kcal/mol for Ca2+. The cation…ring center distance for complexes having metal ion 
outside is shorter than the corresponding complexes with metal ion located between two 
rings. In general, the distance between the metal ion and the center of aromatic ring is 
shown to constantly increase as the size of alkali metal cation increases. Aromatic ring 
with K+ makes longer noncovalent distance than that with Na+, and Ca2+ forms longer 
distance with the ring than Mg2+. This is due to the great size of K+ and Ca2+. Then, the 
M…ring center distance increases by moving from K+ to Ca2+ to Na+ then to Mg2+.  
 All complexes with Na+, K+ and Ca2+ in the position 2 show strong cation… 
interactions compared to position 1 and 3 which show weak cation… interactions. In the 
4P-Mg2+-2 structure, peptide N-H and carboxylic O-H have involved in the noncovalent 



















Figure 6. M06-2X/6-311+G(2d,2p) level optimized geometries of all complexes with 
metal ions at three different positions formed by ligand 4P.  














4P-Ca2+-1 4P-Ca2+-2 4P-Ca2+-3 
 
Figure 6. Continued. 
 
In this case, Mg2+ binds strongly with one aromatic ring which is indicated by 
2.121 Å. This complex also possesses the C-H interaction and cation…lone pair of 
electrons (oxygen and nitrogen). The closed cage complex 4P-K+-2 calculated using DFT 








Figure 7 shows all the four conformers exhibit the binding energy range of 25.9-
53 kcal/mol for Na+, 18.5-41.0 kcal/mol for K+, 140.3-257.7 kcal/mol for Mg2+, and 95.1-
190.3 kcal/mol for Ca2+. Expectedly, Na+ binds stronger than K+, and Mg2+ binds 
stronger than Ca2+ with phenylalanine dipeptides of different conformers. For a single 
conformer, there are multiple binding sites. Therefore, we obtained three or four 
complexes for each metal ion binding with one conformer. Substantial difference in 
binding energies for complexes of each metal ion indicates the strong positional 
preference of metal ion with specific conformer. The binding energy values show high 












Figure 7. M06-2X/6-311+G(2d,2p) level binding energies (∆E, in kcal/mol) obtained for 






It should be noted that multiple weak nonbonding interactions such as cation…π, 
cation…lone pair and C-H…π, play a vital role in determining the strength of metal ion-
dipeptide binding. Our study reveals that metal ion binding with two aromatic rings and 
also with lone pair electrons of oxygen produces significantly high binding energy 
values. 
 
3.3 The Extent of Electron Charge Transfer 
 The data of Mulliken charges given in Table 3 demonstrates that most of the 
complexes exhibit higher charges when metal ion binds with one ring than that bind with 
two rings. However, such similar trend is not observed in case of complex 4P-Na+-2. In 
1P-M, 2P-M and 3P-M, M06-2X functional expects lower partial charges with Na+ 
compared with K+ in 1, 2 and 3 complexes except complex 2 in 4P-M shows a higher 
partial charge than K+. Most of Mg2+ complexes show lower partial charges than Ca2+. At 
4P-M, complex 2 shows the higher positive partial charge comparing with all the 
complexes with Na+ and K+. This charge decreased from +1 to 0.946 because the electron 
charge of this complex transferred from the π-ring to the metal ion by decreasing the 
metal ion value from +1 to 0.946. In 3P-M, Ca2+ shows a higher positive partial charge 
comparing with all the complexes with Ca2+ and Mg2+, and this charge decreased from +2 
to 1.341. The variations that appear on the extent of electron charge transfer are based on 
the size of metal ions. The higher charge values for K+ and Ca2+ can be referred to the 
electron transfer from the neighboring ring through the hydrogen atom not only from the 
ring that binds directly with metal ion. The residual charge of metal ion in the complexes 





Table 3. The Values of Mulliken Charges of Metal ions in the Complexes Obtained at the 
M06-2X/6-311+G(2d,2p) Level* 
Metal ions Complex 1P-M 2P-M 3P-M 4P-M 
M-Na+ 
1 0.804 0.807 0.793 0.807 
2 0.766 0.826 0.655 0.946 
3 0.807 0.676 0.827 0.813 
4   0.810  
M=K+ 
1 0.867 0.882 0.909 0.888 
2 0.866 0.889 0.915 0.850 
3 0.882 0.860 0.903 0.887 
4   0.879  
M=Mg2+ 
1 0.960 1.041 1.307 1.051 
2 1.199 0.883 1.181 1.116 
3 1.030 1.173 1.027 1.054 
4   1.009  
M=Ca2+ 
1 0.977 1.273 1.192 1.270 
2 1.132 0.966 1.089 0.982 
3 1.284 1.001 1.341 1.258 
4   1.319  
 
 
3.4 Vibrational Frequencies Analysis 
Vibrational frequencies for all the ligands and complexes were obtained at M06-
2X/6-311+G(2d,2p) level. For ligand 1P given in Table 4, the range of the frequency is 
3188-3233 cm-1. The intensity of C-H stretching of ring a and b has mostly decreased 
from the ligand 1P to the complexes with Na+; however, in a few cases these values  
increased; 1P-Na+-1 and 1P-K+-1 reproduce much higher red shift (− values) for C-H 
stretching when the metal ion does not bind with the aromatic ring. However, when the 





Table 4. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 1P-M-1 (M = Na+, K+, Mg2+ and Ca2+) 
Formed by Ligand 1P  
 (1P)    1P-Na+-1 1P-K+-1 
Description      𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3227 (10.9) 3257 (0.6) +30 3234 (2.0) +7 
C-H (Ra2) 3217 (3.4) 3233 (0.2) +15 3230 (0.9) +12 
C-H (Ra3) 3212 (9.1) 3209 (0.0) -3 3221 (0.2) +9 
C-H (Ra4) 3200 (2.9) 3222 (0.0) +22 3212 (1.7) +12 
C-H (Ra5) 3195 (1.8) 3214 (0.7) +19 3207 (0.2) +12 
C-H (Rb1) 3232 (6.7) 3224 (2.5) -8 3227 (1.7) -4 
C-H (Rb2) 3223 (2.6) 3220 (0.1) -3 3222 (1.0) -1 
C-H (Rb3) 3214 (7.5) 3195 (2.3) -19 3197 (3.2) -17 
C-H (Rb4) 3207 (0.0) 3187 (3.5) -19 3187 (11.6) -20 
C-H (Rb5) 3188 (6.3) 3169 (0.8) -19 3168 (2.3) -20 
N-H (P) 3624 (70.7) 3620 (89.8) -5 3622 (91.2) -2 
N-H (a) 3618 (18.7) 3629 (28.5) +11 3628 (24.7) +10 
N-H (s) 3521 (5.0) 3545 (4.3) +23 3541 (3.3) +20 
M-π 1  211 (15.2)  166 (11.4)  
M-π 2      
C-O-M      
O-H 3829 (109.5) 3813 (152.1) -16 3813 (149.6) -16 
C-Oa1 1864 (304.0) 1869 (263.8) +5 1866 (264.4) +2 
C-Oa2 1765 (248.7) 1767 (206.6) +2 1767 (205.0) +1 
 (1P) 1P-Mg2+-1 1P-Ca2+-1 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3227 (10.9) 3232 (22.3) +5 3235 (42.7) +8 
C-H (Ra2) 3217 (3.4) 3231 (2.7) +13 3230 (11.7) +12 
C-H (Ra3) 3212 (9.1) 3223 (11.6) +11 3228 (5.4) +17 
C-H (Ra4) 3200 (2.9) 3221 (9.4) +21 3220 (8.8) +20 
C-H (Ra5) 3195 (1.8) 3218 (0.5) +23 3218 (1.4) +24 
C-H (Rb1) 3232 (6.7) 3232 (22.3) 0 3235 (4.1) +3 
C-H (Rb2) 3223 (2.6) 3231 (2.7) +8 3230 (42.7) +7 
C-H (Rb3) 3214 (7.5) 3223 (11.6) +9 3228 (11.7) +15 
C-H (Rb4) 3207 (0.0) 3221 (9.4) +15 3220 (5.4) +13 
C-H (Rb5) 3188 (6.3) 3218 (0.5) +30 3218 (8.8) +30 
N-H (P) 3624 (70.7) 3437 (231.1) -187 3452 (1.4) -172 
N-H (a) 3618 (18.7) 3634 (45.9) +16 3635 (4.1) +17 
N-H (s) 3521 (5.0) 3557 (34.5) +12 3562 (33.8) +41 
M-π 1  *R 105 (3.9)  *R 286 (24.5)  
M-π 2  *L 312 (2.8)  *L 283 (12.4)  
C-O-M  434 (24.5)  366 (40.9)  
             





 (1P) 1P-Mg2+-1 1P-Ca2+-1 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
O-H 3829 (109.5) 3785 (228.9) -43.9 3789 (225.8) -41 
C-Oa1 1864 (304.0) 1888 (287.7) +23.8 1892 (287.8) +28 
C-Oa2 1765 (248.7) 1674 (188.9) -91 1672 (417.1) -93 
 
Note: All values are in cm-1. 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
For N-H (P) stretching shown in Figure 8, 1P-Na+-1 and 1P-K+-1 show the same 
trend and these stretching tend to be red shift, but N-H (a), N-H (s), C-Oa1 and C-Oa2 
show a blue shift due to their binding with (Na+ and K+) metal ions. In case of M-π 
stretching, Na+ complexes demonstrate higher intensity than that with K+. In the situation 
of ligand 1P with Mg2+ and Ca2+, all the C-H stretching demonstrate blue shift compared 
with the same ligand with Na+ and K+. The other stretching showed the same trend as 1P-








Figure 8. The vibrational frequency shifts of asymmetric N-H stretching [N-H (a)], 
symmetric N-H stretching [N-H (s)] of NH2 group, and peptide N-H stretching [N-H (P)] 





For 1P-Na+-1 and 1P-K+-1, the metal ion binds only with one ring and the M-π 
stretching of ligand 1P with Na+ showed higher intensity value than K+. For M-π 
stretching in both 1P-Mg2+-1 and 1P-Ca2+-1, the intensity value of Mg2+ complex is 
higher than that with Ca2+. The complex 1P-Mg2+-1 and 1P-Ca2+-1 show two different 
M-π stretching for both rings, and this is indicated in Table 4 by (*R and *L). Also, some 
stretching frequencies were appeared in some complexes such as C-O-M in both 1P-
Mg2+-1 and 1P-Ca2+-1. 
In case of metal ion binding with 1P in the second position, the blue shift of 
aromatic C-H stretching frequency was observed for all complexes irrespective of the 
metal ion. The above trend retained of blue shift for 1P-Mg2+ and 1P-Ca2+. Moreover, 
the other types of stretching have the same shift for all complexes at second position. All 
the complexes of ligand 1P in the second position have N-H-M, N-H (P)-M and C-O-M 
stretching. All the values are provided in Table 5. 
Table 5. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 1P-M-2 (M = Na+, K+, Mg2+ and Ca2+) 
Formed by Ligand 1P  
 (1P) 1P-Na+-2 1P-K+-2 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3227(10.9) 3235 (3.1)   +8 3232 (1.8)   +5 
C-H (Ra2) 3217 (3.4) 3233 (4.2) +16 3229 (1.5) +12 
C-H (Ra3) 3212 (9.1) 3230 (0.1) +18 3224 (0.4) +12 
C-H (Ra4) 3200 (2.9) 3228 (1.3) +28 3219 (3.8) +19 
C-H (Ra5) 3195 (1.8) 3218 (0.0) +23 3217 (1.7) +23 
C-H (Rb1) 3232 (6.7) 3235 (3.1)   +3 3232 (1.8)    0 
C-H (Rb2) 3223 (2.6) 3233 (4.2) +10 3229 (1.5)   +6 
C-H (Rb3) 3214 (7.5) 3230 (0.1) +17 3224 (0.4) +10 
C-H (Rb4) 3207 (0.0) 3228 (1.3) +21 3219 (3.8) +13 
C-H (Rb5) 3188 (6.3) 3219 (2.2) +30 3217 (1.7) +29 
 





 (1P) 1P-Na+-2 1P-K+-2 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
N-H (P) 3624 (70.7) 3611 (43.8) -13 3619 (39.6)   -6 
N-H (a) 3618 (18.7) 3569 (41.1) -49 3586 (44.9) -33 
N-H (s) 3521 (5.0) 3465 (43.1) -56 3497 (27.8) -25 
M-π 1  132 (13.5)  153 (6.7)  
N-H-M1  330 (9.1)  116 (10.3)  
N-H (P)-M2  284 (1.2)  163 (3.7)  
C-O-M  284 (1.2)  77 (2.1)  
O-H 3829 (109.5) 3791 (162.7) -39 3792 (154.7) -38 
C-Oa1 1864 (304.0) 1917 (326.1) +53 1910 (314.0) +46 
C-Oa2 1765 (248.7) 1831 (141.9) +65 1816 (149.5) +51 
 (1P) 1P-Mg2+-2 1P-Ca2+-2 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3227(10.9) 3235 (0.8)     +8 3234 (0.2)     +7 
C-H (Ra2) 3217 (3.4) 3231 (13.3)   +14 3227 (10.1)     +9 
C-H (Ra3) 3212 (9.1) 3228 (15.0)   +16 3225 (4.2)   +13 
C-H (Ra4) 3200 (2.9) 3225 (1.1)   +25 3224 (18.2)   +24 
C-H (Ra5) 3195 (1.8) 3219 (0.6)   +24 3218 (1.9)   +23 
C-H (Rb1) 3232 (6.7) 3235 (0.8)     +4 3234 (0.2)     +2 
C-H (Rb2) 3223 (2.6) 3231 (13.3)     +8 3227 (10.1)     +4 
C-H (Rb3) 3214 (7.5) 3228 (15.0)   +14 3225 (4.2)   +11 
C-H (Rb4) 3207 (0.0) 3225 (1.1)   +19 3224 (18.2)   +17 
C-H (Rb5) 3188 (6.3) 3219 (0.6)   +31 3218 (1.9)   +30 
N-H (P) 3624 (70.7) 3502 (58.9) -122 3493 (0.4) -131 
N-H (a) 3618 (18.7) 3528 (86.5)   -90 3525 (69.6)   -93 
N-H (s) 3521 (5.0) 3383 (161.1) -138 3387 (143.3) -135 
M-π 1  288 (19.9)  252 (12.3)  
N-H-M1  411(2.3)  349 (9.9)  
N-H (P)-M2  456 (5.4)  323 (3.9)  
C-O-M  242 (20.3)  236 (19.2)  
O-H 3829 (109.5) 3744   -85 3742   -87 
C-Oa1 1864 (304.0) 1981 +117 1966 +102 
C-Oa2 1765 (248.7) 1907 +142 1892 +126 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 







From the information in Table 6, the mixed trend of blue and red shift of C-H 
stretching frequencies was obtained for 1P-Na+-3, 1P-K+-3 and 1P-Ca2+-3; however, the 
complex 1P-Mg2+-3 showed blue shift result. In case of N-H (P), 1P-Na+-3 and 1P-
Mg2+-3 gave blue shift result, and other stretching for all the complexes at the third 
position demonstrate the same results. 
 
Table 6. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 1P-M-3 (M = Na+, K+, Mg2+ and Ca2+) 
Formed by Ligand 1P  
 (1P) 1P-Na+-3 1P-K+-3 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣  (cm-1) 
C-H (Ra1) 3227(10.9) 3233 (2.4)   +6 3230 (2.0)   +3 
C-H (Ra2) 3217 (3.4) 3229 (6.1) +12 3226 (3.6)   +9 
C-H (Ra3) 3212 (9.1) 3218 (0.1)   +6 3214 (0.5)   +2 
C-H (Ra4) 3200 (2.9) 3213 (0.3) +13 3209 (0.2)   +9 
C-H (Ra5) 3195 (1.8) 3201 (0.4)   +6 3195 (1.0)   +1 
C-H (Rb1) 3232 (6.7) 3233 (3.8)   +1 3232 (4.2)   +1 
C-H (Rb2) 3223 (2.6) 3220 (4.0)   -3 3219 (4.8)   -4 
C-H (Rb3) 3214 (7.5) 3206 (9.1)   -7 3208 (11.9)   -6 
C-H (Rb4) 3207 (0.0) 3204 (8.8)   -3 3205 (1.6)   -2 
C-H (Rb5) 3188 (6.3) 3190 (4.9)   +1 3192 (5.2)   +4 
N-H (P) 3624 (70.7) 3624 (75.2)    0 3623 (75.1)   -1 
N-H (a) 3618 (18.7) 3639 (25.0) +21 3637 (23.0) +19 
N-H (s) 3521 (5.0) 3535 (9.2) +14 3535 (7.7) +14 
M-π 1  234 (8.3)  189 (5.0)  
O-H 3829 (109.5) 3818 (141.1) -11 3819 (138.4) -10 
C-Oa1 1864 (304.0) 1877 (291.4) +13 1876 (293.3) +12 
C-Oa2 1765 (248.7) 1756 (255.1)   -9 1757 (256.8)    -9 
 (1P) 1P-Mg2+-3 1P-Ca2+-3 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3227(10.9) 3236 (9.0)   +9 3223 (15.8)   -4 
C-H (Ra2) 3217 (3.4) 3235 (32.0) +17 3220 (31.7)   +2 
C-H (Ra3) 3212 (9.1) 3234 (117.4) +22 3210 (13.6)   -2 
C-H (Ra4) 3200 (2.9) 3222 (29.7) +22 3205 (0.5)   +5 
C-H (Ra5) 3195 (1.8) 3222 (14.8) +27 3199 (1.4)   +4 
C-H (Rb1) 3232 (6.7) 3236 (9.0)   +4 3237 (1.2)   +5 
C-H (Rb2) 3223 (2.6) 3235 (9.0) +12 3225 (0.9)   +2 
 





 (1P) 1P-Mg2+-3 1P-Ca2+-3 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Rb3) 3214 (7.5) 3234 (32.0) +21 3207 (1.3)   -7 
C-H (Rb4) 3207 (0.0) 3222 (117.4) +15 3190 (44.1) -17 
C-H (Rb5) 3188 (6.3) 3222 (29.7) +34 3163 (16.7) -25 
N-H (P) 3624 (70.7) 3634 (14.8) +10 3620 (83.9)   -4 
N-H (a) 3618 (18.7) 3626 (9.0)   +8 3686 (65.1) +68 
N-H (s) 3521 (5.0) 3524 (63.9)   +3 3560 (43.3) +39 
M-π 1  410 (47.1)  343 (14.3)  
O-H 3829 (109.5) 3799 (209.4) -30 3804 (184.0) -25 
C-Oa1 1864 (304.0) 1899 (297.6) +35 1889 (283.7) +25 
C-Oa2 1765 (248.7) 1744 (251.6) -22 1741 (286.5) -24 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
In Table 7, all the complexes of the first position have mixed trends of blue and a 
red shift of C-H stretching frequencies, and the same shift tendency with other stretching. 
There are also mixed shifts of C-H stretching frequencies for all the complexes except 
complex 2P-Ca2+-2 that tends to be a blue shift result (Table 8). Otherwise, all the results 
of stretching have similar trends except in C-Oa1 stretching, the complex 2P-Mg2+-2 
showed a red shift. 
 
Table 7. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 2P-M-1 (M = Na+, K+, Mg2+ and Ca2+) 
Formed by Ligand 2P  
 (2P) 2P-Na+-1 2P-K+-1 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3232 (6.1) 3233 (1.6)   +1 3229 (1.2)   -3 
C-H (Ra2) 3222 (3.2) 3228 (6.5)   +7 3224 (3.8)   +2 
C-H (Ra3) 3214 (5.3) 3219 (0.1)   +5 3215 (0.6)    +1 
C-H (Ra4) 3207 (0.1) 3213 (0.1)   +7 3209 (0.4)   +2 
C-H (Ra5) 3188 (5.7) 3200 (0.3) +12 3195 (0.8)   +7 
C-H (Rb1) 3229 (10.8) 3233 (4.2)   +4 3234 (4.7)   +5 
 





 (2P) 2P-Na+-1 2P-K+-1 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Rb2) 3219 (3.2) 3222 (0.2)   +3 3224 (0.7)   +5 
C-H (Rb3) 3213 (0.9) 3213 (4.9)   +1 3215 (4.5)   +2 
C-H (Rb4) 3207 (5.7) 3202 (12.3)   -6 3204 (11.8)   -3 
C-H (Rb5) 3198 (4.1) 3186 (4.3) -13 3190 (4.0)   -8 
N-H (P) 3558 (68.2) 3557 (56.9)    0 3558 (58.3)     0 
N-H (a) 3624 (23.2) 3641 (34.7) +18 3640 (32.3) +16 
N-H (s) 3523 (10.8) 3533 (24.8) +11 3533 (21.7) +11 
M-π 1  218 (41.5)  175 (11.9)  
O-H 3800 (136.6) 3836 (100.3) +36 3833 (103.1) +33 
C-Oa1 1887 (293.4) 1897 (269.6) +10 1897 (272.0) +10 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3232 (6.1) 3230 (26.2)   -2 3221 (14.9) -11 
C-H (Ra2) 3222 (3.2) 3222 (46.5)     0 3217 (34.5)   -5 
C-H (Ra3) 3214 (5.3) 3216 (33.7)   +2 3209 (15.2)   -5 
C-H (Ra4) 3207 (0.1) 3212 (5.0)   +5 3203 (0.4)   -4 
C-H (Ra5) 3188 (5.7) 3209 (0.7) +21 3197 (2.9)   +9 
C-H (Rb1) 3229 (10.8) 3235 (1.9)   +6 3236 (2.6)   +7 
C-H (Rb2) 3219 (3.2) 3223 (0.3)   +4 3225 (0.2)    +6 
C-H (Rb3) 3213 (0.9) 3214 (6.3)   +1 3215 (7.0)   +2 
C-H (Rb4) 3207 (5.7) 3196 (22.3)  -11 3200 (27.8)   -7 
C-H (Rb5) 3198 (4.1) 3166 (7.3) -32 3165 (13.2) -33 
N-H (P) 3558 (68.2) 3575 (45.9) +18 3567 (47.1) +9 
N-H (a) 3624 (23.2) 3685 (69.2) +61 3675 (65.5) +51 
N-H (s) 3523 (10.8) 3552 (48.7) +30 3544 (64.2) +21 
M-π 1  401 (79.0)  277 (21.1)  
O-H 3800 (136.6) 3863 (79.6) +63 3861 (81.3) +61 
C-Oa1 1887 (293.4) 1907 (235.3) +20 1907 (250.0) +19 
C-Oa2 1792 (253.6) 1757 (236.6) -35 1762 (248.1) -30 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 






Table 8. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 2P-M-2 (M = Na+, K+, Mg2+ and Ca2+) 
Formed by Ligand 2P  
 (2P) 2P-Na+-2 2P-K+-2 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm1) 
C-H  (Ra1) 3232 (6.1) 3259 (0.9) +27 3238 (2.8)   +6 
C-H (Ra2) 3222 (3.2) 3233 (0.3) +12 3230 (1.1)   +8 
C-H (Ra3) 3214 (5.3) 3224 (0.2) +10 3222 (0.1)   +7 
C-H (Ra4) 3207 (0.1) 3215 (0.8)   +9 3214 (1.7)   +7 
C-H (Ra5) 3188 (5.7) 3210 (0.2) +22 3205 (0.8) +17 
C-H (Rb1) 3229 (10.8) 3226 (2.2)   -3 3224 (2.1)   -5 
C-H (Rb2) 3219 (3.2) 3223 (0.1) +4 3219 (0.8)    0 
C-H (Rb3) 3213 (0.9) 3194 (0.3) -19 3196 (7.1) -17 
C-H (Rb4) 3207 (5.7) 3193 (4.1) -14 3193 (2.7) -15 
C-H (Rb5) 3198 (4.1) 3166 (1.8) -32 3171 (4.4)  -27 
N-H (P) 3558 (68.2) 3566 (58.7)   +9 3562 (61.5)   +5 
N-H (a) 3624 (23.2) 3637 (40.2) +13 3634 (36.9) +10 
N-H (s) 3523 (10.8) 3556 (18.8) +33 3548 (13.1) +26 
M-π 1  210 (9.9)  173 (13.5)  
M-π 2      
C-O-M1      
C-O-M2      
O-H 3800 (136.6) 3837 (94.5) +37 3831 (98.6) +31 
C-Oa1 1887 (293.4) 1891 (241.3)   +4 1888 (246.2)   +1 
C-Oa2 1792 (253.6) 1792 (207.5)   -1 1791 (208.6)    -1 
 (2P) 2P-Mg2+-2 2P-Ca2+-2 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm1) 
C-H  (Ra1) 3232 (6.1) 3235 (5.5)    +4 3251 (13.6)   +19 
C-H (Ra2) 3222 (3.2) 3224 (2.9)    +2 3231 (11.6)   +10 
C-H (Ra3) 3214 (5.3) 3213 (0.3)    -2 3227 (5.6)   +13 
C-H (Ra4) 3207 (0.1) 3202 (4.5)    -5 3222 (9.2)   +16 
C-H (Ra5) 3188 (5.7) 3192 (0.2)   +4 3218 (2.1)   +30 
C-H (Rb1) 3229 (10.8) 3232 (4.6)   +3 3251 (13.6)   +22 
C-H (Rb2) 3219 (3.2) 3219 (7.6)     0 3231 (11.6)   +12 
C-H (Rb3) 3213 (0.9) 3214 (2.5)   +1 3227 (5.6)   +15 
C-H (Rb4) 3207 (5.7) 3211 (0.4)   +3 3222 (9.2)   +15 
C-H (Rb5) 3198 (4.1) 3204 (1.4)   +5 3218 (2.1)   +20 
N-H (P) 3558 (68.2) 3467 (250.7) -91 3440 (200.4) -117 
N-H (a) 3624 (23.2) 3628 (40.1)   +4 3631 (41.8)     +8 
N-H (s) 3523 (10.8) 3554 (39.9) +31 3559 (34.6)   +37 
M-π 1  *R 145 (5.5)  *R 293 (13.4)  
M-π 2  *L 260 (30.3)  *L 233 (10.3)  
 






 (2P) 2P-Mg2+-2 2P-Ca2+-2 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm1) 
C-O-M1  449 (22.5)  357.5 (41.7)  
C-O-M2  325 (32.4)    
O-H 3800 (136.6) 3822 (243.0)   +22 3858 (126.9) +58 
C-Oa1 1887 (293.4) 1783 (477.6) -105 1907 (236.7) +20 
C-Oa2 1792 (253.6) 1783 (477.6)     -9 1668 (431.5) -124 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
In Table 9, some interesting points can be observed. N-H (P) showed a red shift  
with complex 2P-Mg2+-3; however, N-H (a) and C-Oa2 showed +11 and +6 cm
-1 with 
complex 2P-Na+-3 and 2P-K+-3, respectively. Furthermore, because the two metal ions 
Na+ and K+ binding with the both of aromatic rings Ra and Rb, all the values of C-H 
stretching are positive (+). The N-H stretching shifts of ligand 2P are shown in Figure 9. 
Table 9. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 2P-M-3 (M = Na+, K+, Mg2+ and Ca2+) 
Formed by Ligand 2P  
 (2P) 2P-Na+-3 2P-K+-3 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H  (Ra1) 3232 (6.1) 3237 (0.2)   +5 3236 (0.67)   +4 
C-H (Ra2) 3222 (3.2) 3227 (1.1)   +5 3235 (0.25) +13 
C-H (Ra3) 3214 (5.3) 3218 (0.5)   +3 3230 (1.46) +16 
C-H (Ra4) 3207 (0.1) 3207 (3.8)   +1 3229 (2.52) +23 
C-H (Ra5) 3188 (5.7) 3206 (2.7) +18 3223 (1.64) +35 
C-H (Rb1) 3229 (10.8) 3236 (0.2)   +7 3236 (0.67)   +7 
C-H (Rb2) 3219 (3.2) 3229 (1.3) +10 3235 (0.25) +16 
C-H (Rb3) 3213 (0.9) 3222 (0.8)   +9 3230 (1.46) +17 
C-H (Rb4) 3207 (5.7) 3214 (0.0)   +7 3229 (2.52) +22 
C-H (Rb5) 3198 (4.1) 3204 (0.9)   +6 3223 (1.64) +24 
N-H (P) 3558 (68.2) 3563 (1.0)   +5 3622 (46.9) +64 
 






 (2P) 2P-Na+-3 2P-K+-3 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
N-H (a) 3624 (23.2) 3635 (28.7) +11 3606 (15.9) -17 
N-H (s) 3523 (10.8) 3553 (190.2) +31 3528 (6.81)   +5 
M-π 1  155 (25.2)  126 (17.97)  
M-π 2      
N-H-M      
C-O-M1  282 (10.5)  256 (6.94)  
C-O-M2  207 (8.4)  133 (2.89)  
O-H 3800 (136.6) 3865 (132.6) +65 3858 (124.24) +58 
C-Oa1 1887 (293.4) 1861 (308.6) -26 1864 (263.18) -24 
C-Oa2 1792 (253.6) 1746 (209.3) -46 1799 (188.54)   +6 
 (2P) 2P-Mg2+-3 2P-Ca2+-3 
Description 𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H  (Ra1) 3232 (6.1) 3231 (6.4)     0 3232 (6.7)   +1 
C-H (Ra2) 3222 (3.2) 3220 (4.5) -12 3226 (8.2)   +5 
C-H (Ra3) 3214 (5.3) 3205 (2.5) -16 3221 (1.8)   +7 
C-H (Ra4) 3207 (0.1) 3188 (4.4) -26 3215 (0.3)   +8 
C-H (Ra5) 3188 (5.7) 3174 (0.8) -32 3201 (0.5) +13 
C-H (Rb1) 3229 (10.8) 3235 (9.1) +47 3228 (6.4)   -1 
C-H (Rb2) 3219 (3.2) 3229 (12.3)     0 3221 (16.2)   +1 
C-H (Rb3) 3213 (0.9) 3224 (1.4)   +5 3217 (4.3)   +4 
C-H (Rb4) 3207 (5.7) 3218 (0.9)   +5 3211 (2.4)   +3 
C-H (Rb5) 3198 (4.1) 3203 (0.6)   +4 3203 (0.8)   +4 
N-H (P) 3558 (68.2) 3524 (189.5) -33 3577 (133.2) +19 
N-H (a) 3624 (23.2) 3552 (47.4)   -6 3553 (0.2) -71 
N-H (s) 3523 (10.8) 3489 (26.0) -34 3489 (22.4) -33 
M-π 1  *R 364 (16.7)  *R 265 (7.1)  
M-π 2  *L 302 (8.3)  *L 199 (15.4)  
N-H-M  412 (3.4)  230 (15.6)  
C-O-M1  412 (3.4)  354 (4.2)  
C-O-M2      
O-H 3800 (136.6) 3851 (133.9) +51 3851 (131.4) +51 
C-Oa1 1887 (293.4) 1880 (196.8)   -7 1876 (195.7) -12 
C-Oa2 1792 (253.6) 1696 (432.7) -96 1702 (382.9) -90 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 



















Figure 9. The vibrational frequency shifts of asymmetric N-H stretching [N-H (a)], 
symmetric N-H stretching [N-H (s)] of NH2 group, and peptide N-H stretching [N-H (P)] 
of complexes with respect to the corresponding vibrational frequencies in the ligand (2P). 
 
Tables 10, 11, 12, and 13 indicate that all the complexes have the same trend. In 
complex 3P-Ca2+-1, N-H (s) stretching was observed blue shift; conversely, C-Oa1 and C-
Oa2 stretching showed red shift.  
Table 10. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 3P-M-1 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H  (Ra1) 3230 (9.6) 3233 (0.1) +3 3230 (0.1) 0 
C-H (Ra2) 3217 (11.3) 3223 (0.1) +6 3221 (0.1) +5 
C-H (Ra3) 3209 (0.8) 3217 (0.1) +8 3214 (0.1) +5 
C-H (Ra4) 3192 (1.2) 3208 (0.3) +16 3204 (0.2) +12 
C-H (Ra5) 3189 (4.3) 3195 (0.4) +6 3191 (0.7) +2 
C-H (Rb1) 3232 (5.6) 3237 (0.6) +5 3238 (1.1) +5 
 









𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Rb2) 3223 (7.7) 3228 (1.1) +5 3228 (1.2) +4 
C-H (Rb3) 3215 (3.6) 3218 (0.9) +3 3218 (1.4) +3 
C-H (Rb4) 3208 (0.8) 3195 (0.8) -13 3197 (0.5) -11 
C-H (Rb5) 3189 (5.9) 3180 (5.6) -8 3184 (5.2) -5 
N-H (P) 3585 (101.0) 3552 (63.1) -33 3559 (31.0) -26 
-H (a) 3638 (30.0) 3563 (45.7) -74 3569 (51.7) -68 
N-H (s) 3535(19.2) 3475 (25.3) -60 3472 (28.4) -63 
M-π   214 (16.1)  168 (9.0)  
N-H-M  325 (25.6)  294 (8.8)  
N-H (P)-M      
C-O-M1      
C-O-M2      
O-H 3305 (655.1) 3675 (236.5) +369 3678 (224.1) +373 
C-Oa1 1876 (457.3) 1892 (324.7) +17 1891 (324.7) +16 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H  (Ra1) 3230 (9.6) 3230 (15.0) 0 3230 (11.7) 0 
C-H (Ra2) 3217 (11.3) 3222 (12.5) +5 3221 (9.4) +4 
C-H (Ra3) 3209 (0.8) 3217 (1.7) +8 3215 (2.7) +6 
C-H (Ra4) 3192 (1.2) 3203 (3.4) +11 3203 (0.6) +12 
C-H (Ra5) 3189 (4.3) 3202 (1.8) +13 3202 (1.0) +13 
C-H (Rb1) 3232 (5.6) 3235 (7.2) +3 3239 (0.1) +7 
C-H (Rb2) 3223 (7.7) 3224 (3.1) +1 3229 (0.4) +6 
C-H (Rb3) 3215 (3.6) 3210 (1.3) -5 3220 (0.3) +5 
C-H (Rb4) 3208 (0.8) 3189 (3.8) -19 3190 (4.0) -18 
C-H (Rb5) 3189 (5.9) 3175 (1.2) -13 3184 (4.5) -5 
N-H (P) 3585 (101.0) 3502 (102.6) -82 3485 (177.7) -100 
N-H (a) 3638 (30.0) 3534 (38.5) -103 3633 (39.3) -4 
N-H (s) 3535(19.2) 3476 (46.1) -59 3562 (27.5) +27 
M-π   322 (33.0)  241 (13.1)  
N-H-M  403 (21.1)    
N-H (P)-M  217 (18.2)    
C-O-M1    384 (78.8)  
C-O-M2    521 (14.2)  
O-H 3305 (655.1) 3877 (102.9) +572 3823 (185.7) +517 
C-Oa1 1876 (457.3) 1895 (142.8) +20 1769 (644.0) -106 
C-Oa2 1708 (187.8) 1885 (265.2) +177 1651 (180.5) -57 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 





Table 11. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 3P-M-2 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3230 (9.6) 3235 (0.0) +5 3235 (0.9) +5 
C-H (Ra2) 3217 (11.3) 3229 (0.3) +12 3228 (0.1) +11 
C-H (Ra3) 3209 (0.8) 3222 (0.1) +13 3221 (1.2) +12 
C-H (Ra4) 3192 (1.2) 3215 (0.2) +24 3213 (0.3) +21 
C-H (Ra5) 3189 (4.3) 3208 (0.2) +19 3190 (3.7) +1 
C-H (Rb1) 3232 (5.6) 3236 (0.7) +4 3236 (2.0) +3 
C-H (Rb2) 3223 (7.7) 3225 (1.4) +2 3224 (3.5) +1 
C-H (Rb3) 3215 (3.6) 3216 (0.1) +1 3216 (0.3) 0 
C-H (Rb4) 3208 (0.8) 3198 (0.8) -10 3192 (2.1) -16 
C-H (Rb5) 3189 (5.9) 3187 (4.0) -2 3188 (4.4) -1 
N-H (P) 3585 (101.0) 3547 (67.1) -38 3661 (33.5) +76 
N-H (a) 3638 (30.0) 3594 (29.0) -43 3587 (12.7) -50 
N-H (s) 3535(19.2) 3505 (46.4) -30 3524 (6.0) -11 
M-π   306 (9.8)  153 (9.6)  
N-H-M    130 (1.9)  
C-O-M1  306 (9.8)  194 (11.6)  
C-O-M2      
O-H 3305 (655.1) 3868 (124.5) +562 3864 (133.4) +559 
C-Oa1 1876 (457.3) 1845 (363.0) -31 1843 (398.1) -32 






𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3230 (9.6) 3230 (19.4) 0 3230 (11.7) 0 
C-H (Ra2) 3217 (11.3) 3225 (22.6) +8 3221 (9.4) +4 
C-H (Ra3) 3209 (0.8) 3218 (5.7) +9 3215 (2.7) +6 
C-H (Ra4) 3192 (1.2) 3213 (1.7) +21 3203 (0.6) +12 
C-H (Ra5) 3189 (4.3) 3211 (0.3) +22 3202 (1.0) +13 
C-H (Rb1) 3232 (5.6) 3239 (0.6) +6 3239 (0.1) +7 
C-H (Rb2) 3223 (7.7) 3228 (0.0) +5 3229 (0.4) +6 
C-H (Rb3) 3215 (3.6) 3219 (0.1) +4 3220 (0.3) +5 
C-H (Rb4) 3208 (0.8) 3198 (1.3) -11 3190 (4.0) -18 
C-H (Rb5) 3189 (5.9) 3185 (3.0) -3 3184 (4.5) -5 
N-H (P) 3585 (101.0) 3468 (144.0) -117 3485 (177.7) -100 
N-H (a) 3638 (30.0) 3606 (58.2) -32 3633 (39.7) -4 
N-H (s) 3535(19.2) 3509 (46.3) -26 3562 (27.5) +27 
M-π   269 (2.4)  207 (12.7)  
N-H-M      
 











𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-O-M1  571 (48.3)  384 (78.8)  
C-O-M2  439 (3.3)  332 (4.0)  
O-H 3305 (655.1) 3814 (197.6) +508 3823 (185.8) +517 
C-Oa1 1876 (457.3) 1755 (596.0) -120 1769 (644.0) -106 
C-Oa2 1708 (187.8) 1653 (2.2) -56 1651 (180.5) -57 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
Table 12. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 3P-M-3 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3230 (9.6) 3233 (0.5) +3 3230 (0.1) 0 
C-H (Ra2) 3217 (11.3) 3223 (0.5) +6 3219 (0.1) +2 
C-H (Ra3) 3209 (0.8) 3216 (0.5) +7 3212 (0.3) +3 
C-H (Ra4) 3192 (1.2) 3199 (0.3) +8 3194 (0.4) +2 
C-H (Ra5) 3189 (4.3) 3194 (4.2) +5 3191 (2.5) +1 
C-H (Rb1) 3232 (5.6) 3235 (2.1) +3 3235 (2.4) +3 
C-H (Rb2) 3223 (7.7) 3226 (5.9) +3 3225 (6.0) +2 
C-H (Rb3) 3215 (3.6) 3218 (1.8) +3 3218 (1.8) +2 
C-H (Rb4) 3208 (0.8) 3211 (0.7) +3 3211 (0.6) +3 
C-H (Rb5) 3189 (5.9) 3187 (5.4) -2 3187 (5.4) -1 
N-H (P) 3585 (101.0) 3576 (120.2) -9 3576 (120.1) -9 
N-H (a) 3638 (30.0) 3629 (36.1) -8 3630 (35.5) -8 
N-H (s) 3535(19.2) 3525 (32.8) -10 3525 (31.9) -10 
M-π   209 (33.2)  164 (28.6)  
O-H 3305 (655.1) 3478 (437.7) +172 3454 (464.0) +148 
C-Oa1 1876 (457.3) 1891 (418.6) +16 1889 (422.7) +14 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3230 (9.6) 3225 (40.4) -5 3218 (22.0) -12 
C-H (Ra2) 3217 (11.3) 3215 (40.6) -1 3208 (21.0) -9 
C-H (Ra3) 3209 (0.8) 3214 (6.4) +5 3204.0 (1.3) -5 
C-H (Ra4) 3192 (1.2) 3207 (2.6) +15 3188 (5.9) -4 
 









𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra5) 3189 (4.3) 3204 (3.2) +14 3157 (71.4) -32 
C-H (Rb1) 3232 (5.6) 3232 (0.4) 0 3239 (0.2) +6 
C-H (Rb2) 3223 (7.7) 3213 (0.3) -10 3225 (1.2) +2 
C-H (Rb3) 3215 (3.6) 3204 (3.2) -12 3219 (0.1) +4 
C-H (Rb4) 3208 (0.8) 3200 (7.3) -8 3190 (3.2) -18 
C-H (Rb5) 3189 (5.9) 3198 (29.8) +9 3188 (1.9) -1 
N-H (P) 3585 (101.0) 3503 (229.5) -82 3496 (222.5) -89 
N-H (a) 3638 (30.0) 3616 (24.6) -21 3628 (49.0) -10 
N-H (s) 3535(19.2) 3543 (19.3) +8 3528 (20.2) -7 
M-π   284 (0.7)  267 (11.5)  
O-H 3305 (655.1) 3757 (297.7) +452 3757 (71.4) +452 
C-Oa1 1876 (457.3) 1909 (372.1) +34 1879 (372.6) +3 
C-Oa2 1708 (187.8) 1713 (366.4) +5 1747 (164.4) +39 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
Table 13. Selected vibrational frequencies and shifts obtained at M06-2X/6-
311+G(2d,2p) level for Phe-Phe complexes of 3P-M-4 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3230 (9.6) 3234 (3.5) +3 3231 (1.7) +1 
C-H (Ra2) 3217 (11.3) 3226 (1.8) +9 3222 (0.6) +5 
C-H (Ra3) 3209 (0.8) 3221 (0.5) +12 3216 (0.9) +7 
C-H (Ra4) 3192 (1.2) 3212 (0.6) +20 3206 (0.4) +15 
C-H (Ra5) 3189 (4.3) 3210 (0.1) +21 3205 (0.3) +15 
C-H (Rb1) 3232 (5.6) 3232 (3.8) 0 3233 (4.2) 0 
C-H (Rb2) 3223 (7.7) 3220 (5.4) -3 3220 (5.5) -3 
C-H (Rb3) 3215 (3.6) 3212 (0.7) -4 3211 (0.8) -4 
C-H (Rb4) 3208 (0.8) 3195 (1.4) -13 3194 (1.3) -14 
C-H (Rb5) 3189 (5.9) 3188 (3.7) -1 3189 (3.8) 0 
N-H (P) 3585 (101.0) 3613 (68.2) +28 3610 (68.1) +25 
N-H (a) 3638 (30.0) 3599 (18.3) -39 3600 (18.0) -37 
N-H (s) 3535(19.2) 3517 (16.6) -18 3519 (15.7) -16 
M-π   232 (22.0)  195 (1.9)  
O-H 3305 (655.1) 3448 (382.0) +142 3430 (400.6) +125 
 









𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-Oa1 1876 (457.3) 1872 (342.5) -3 1873 (345.3) -3 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3230 (9.6) 3238 (21.1) +8 3220 (18.4) -11 
C-H (Ra2) 3217 (11.3) 3230 (44.7) +13 3209 (32.2) -8 
C-H (Ra3) 3209 (0.8) 3220 (29.6) +11 3206 (15.5) -3 
C-H (Ra4) 3192 (1.2) 3217 (1.0) +25 3198 (71.2) +7 
C-H (Ra5) 3189 (4.3) 3208 (3.8) +18 3196 (7.1) +7 
C-H (Rb1) 3232 (5.6) 3238 (0.9) +6 3236 (1.0) +4 
C-H (Rb2) 3223 (7.7) 3227 (2.3) +4 3225 (2.6) +2 
C-H (Rb3) 3215 (3.6) 3218 (0.4) +3 3216 (0.8) 0 
C-H (Rb4) 3208 (0.8) 3191 (5.2) -17 3189 (4.1) -19 
C-H (Rb5) 3189 (5.9) 3185 (5.2) -4 3186 (4.7) -3 
N-H (P) 3585 (101.0) 3643 (93.8) +58 3632 (85.5) +47 
N-H (a) 3638 (30.0) 3670 (33.4) +33 3660 (30.6) +23 
N-H (s) 3535(19.2) 3565 (26.6) +30 3561 (18.7) +26 
M-π   305 (15.9)  330 (37.5)  
O-H 3305 (655.1) 3840 (167.4) +535 3858 (145.1) +552 
C-Oa1 1876 (457.3) 1825 (464.7) -51 1842 (485.2) -34 
C-Oa2 1708 (187.8) 1734 (193.8) +26 1744 (160.8) +36 
 
Note: All values are in cm-1.  
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
As shown in Figure 10, N-H (P) stretching of K+ at the second position tends to 
give blue shift compared to the other metal ions at the same position. In addition, N-H (s) 
stretching of 3P-Ca2+-2 and 3P-Mg2+-3 produces blue shift due to its binding with the 
metal ion.  Most of the N-H stretching in Figure 10 produces red shifts because the N-H 
bond length decreased. In case of 4P, all the stretching shows blue shifts more than red 








Figure 10. The vibrational frequency shifts of asymmetric N-H stretching [N-H (a)], 
symmetric N-H stretching [N-H (s)] of NH2 group, and peptide N-H stretching [N-H (P)] 
of complexes with respect to the corresponding vibrational frequencies in the ligand (3P). 
 
 
Table 14. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 4P-M-1 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3229 (5.0) 3233 (18.5) +4 3231 (14.8) +3 
C-H (Ra2) 3220 (7.6) 3229 (9.0) +9 3227 (6.1) +7 
C-H (Ra3) 3213 (6.5) 3219 (0.2) +7 3226 (2.66) +14 
C-H (Ra4) 3204 (1.2) 3213 (0.8) +9 3217 (1.0) +13 
C-H (Ra5) 3187 (3.5) 3200 (0.1) +13 3216 (4.4) +29 
C-H (Rb1) 3226 (7.6) 3226 (3.3) 0 3231 (14.8) +5 
C-H (Rb2) 3217 (8.4) 3217 (4.1) 0 3227 (6.1) +10 
C-H (Rb3) 3207 (2.3) 3206 (1.0) -1 3226 (2.6) +19 
C-H (Rb4) 3199 (0.2) 3197 (0.1) -2 3217 (1.0) +18 
C-H (Rb5) 3190 (3.4) 3185 (3.7) -6 3216 (4.4) +26 
N-H (P) 3603 (98.7) 3644 (55.3)  +41 3640 (59.7) +38 
N-H (a) 3588 (7.5) 3599(18.9) +10 3597 (18.1) +9 
N-H (s) 3522 (6.3) 3519 (17.4)  -3 3519 (16.4) -3 
M-π   230 (30.1)  174 (18.6)  
 










𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
O-H 3824 (103.7) 3807 (116.7) -13 3809 (114.0) -15 
C-Oa1 1854 (324.0) 1876 (334.5) +22 1872 (329.9) +18 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3229 (5.0) 3229 (25.0) +1 3225 (2.8) -4 
C-H (Ra2) 3220 (7.6) 3223 (0.5) +3 3222 (12.1) +2 
C-H (Ra3) 3213 (6.5) 3215 (22.1)  +2 3214 (1.6) +2 
C-H (Ra4) 3204 (1.2) 3212 (2.7) +9 3209 (11.0) +5 
C-H (Ra5) 3187 (3.5) 3203 (6.8) +16 3203 (0.7) +16 
C-H (Rb1) 3226 (7.6) 3229 (25.0) +3 3225 (2.8) -1 
C-H (Rb2) 3217 (8.4) 3223 (0.5) +6 3222 (12.1) +5 
C-H (Rb3) 3207 (2.3) 3215 (22.1) +7 3214 (1.6) +7 
C-H (Rb4) 3199 (0.2) 3212 (2.7) +14 3209 (11.0) +10 
C-H (Rb5) 3190 (3.4) 3201 (0.5) +11 3203 (0.7) +13 
N-H (P) 3603 (98.7) 3624 (18.1) +22 3633 (33.9) +31 
N-H (a) 3588 (7.5) 3624 (18.1) +36 3621 (36.0) +33 
N-H (s) 3522 (6.3) 3532 (44.2) +11 3530 (38.1) +8 
M-π   386 (3.8)  338 (18.8)  
O-H 3824 (103.7) 3778 (133.1) -46 3785 (123.7) -39 
C-Oa1 1854 (324.0) 1906 (350.6) +52 1902 (353.9) +48 
C-Oa2 1784 (332.9) 1805 (201.2) +21 1799 (207.6) +15 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 
ring, the number in the parenthesis indicates the IR intensity. 
 
Table 15. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 4P-M-2 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3229 (5.0) 3230 (16.2) +1 3233 (0.7) +4 
C-H (Ra2) 3220 (7.6) 3221 (0.1) +1 3221 (1.4) +1 
C-H (Ra3) 3213 (6.5) 3215 (0.0) +2 3221 (2.9) +8 
C-H (Ra4) 3204 (1.2) 3206 (0.1) +2 3214 (0.7) +11 
C-H (Ra5) 3187 (3.5) 3198 (0.6) +11 3214 (1.1) +27 
C-H (Rb1) 3226 (7.6) 3235 (0.2) +9 3232 (0.2) +6 
C-H (Rb2) 3217 (8.4) 3225 (0.1) +8 3221 (1.4) +4 
 









𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Rb3) 3207 (2.3) 3218 (0.0) +10 3221 (2.9) +14 
C-H (Rb4) 3199 (0.2) 3197 (0.3) -1 3214 (0.7) +16 
C-H (Rb5) 3190 (3.4) 3189 (2.4) -1 3214 (1.1) +24 
N-H (P) 3603 (98.7) 3598 (20.6) -5 3626 (72.3) +24 
N-H (a) 3588 (7.5) 3617 (15.7) +29 3666 (19.1) +78 
N-H (s) 3522 (6.3) 3533 (16.2) +14 3564 (17.6) +42 
M-π 1  189 (10.7)  127 (3.7)  
M-π 2  240 (18.0)  61 (2.1)  
N-H (P)-M  151 (1.4)    
C-O-M  212 (5.7)  234 (6.1)  
O-H 3824 (103.7) 3801 (131.6) -23 3807 (163.1) -17 
C-Oa1 1854 (324.0) 1911 (352.4) +57 1891 (280.8) +37 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3229 (5.0) 3235 (8.2) +6 3231 (5.8) +3 
C-H (Ra2) 3220 (7.6) 3232 (10.3) +12 3227 (5.2) +6 
C-H (Ra3) 3213 (6.5) 3225 (5.4) +12 3217 (5.1) +4 
C-H (Ra4) 3204 (1.2) 3222 (8.6) +18 3216 (0.5) +12 
C-H (Ra5) 3187 (3.5) 3218 (5.0) +31 3212 (1.5) +26 
C-H (Rb1) 3226 (7.6) 3235 (8.2) +9 3229 (10.3) +3 
C-H (Rb2) 3217 (8.4) 3232 (10.3) +15 3221 (8.2) +4 
C-H (Rb3) 3207 (2.3) 3225 (5.4) +17 3217 (5.1) +9 
C-H (Rb4) 3199 (0.2) 3222 (8.6) +23 3216 (0.5) +17 
C-H (Rb5) 3190 (3.4) 3218 (5.0) +27 3208 (0.1) +18 
N-H (P) 3603 (98.7) 3517 (34.0) -86 3441 (232.3) -161 
N-H (a) 3588 (7.5) 3639 (34.4) +51 3629 (36.9) +41 
N-H (s) 3522 (6.3) 3549 (44.2) +27 3554 (40.0) +32 
M-π 1  *R 408 (11.5)  *R 267 (29.7)  
M-π 2  *L 284 (33.4)  *L 94 (2.6)  
N-H (P)-M  429 (14.6)    
C-O-M  593 (16.1)  367 (13.0)  
O-H 3824 (103.7) 3765 (187.9) -58 3788 (226.5) -36 
C-Oa1 1854 (324.0) 1986 (292.8) +132 1892 (290.3) +38 
C-Oa2 1784 (332.9) 1884 (105.2) +100 1693 (418.0) -91 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 






Table 16. Selected Vibrational Frequencies and Shifts Obtained at M06-2X/6-
311+G(2d,2p) Level for Phe-Phe Complexes of 4P-M-3 (M = Na+, K+, Mg2+ and Ca2+) 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3229 (5.0) 3232 (0.3) +3 3228 (0.4) 0 
C-H (Ra2) 3220 (7.6) 3226 (4.8) +6 3222 (1.9) +1 
C-H (Ra3) 3213 (6.5) 3221 (1.0) +8 3216 (1.4) +3 
C-H (Ra4) 3204 (1.2) 3211 (0.3) +7 3206 (0.7) +3 
C-H (Ra5) 3187 (3.5) 3204 (0.1) +17 3199 (0.2) +13 
C-H (Rb1) 3226 (7.6) 3224 (4.1) -2 3224 (5.0) -2 
C-H (Rb2) 3217 (8.4) 3216 (5.5) -2 3217 (5.6) 0 
C-H (Rb3) 3207 (2.3) 3207 (2.7) 0 3207 (3.3) 0 
C-H (Rb4) 3199 (0.2) 3199 (0.0) 0 3199 (0.2) +1 
C-H (Rb5) 3190 (3.4) 3193 (1.3) +3 3192 (1.2) +2 
N-H (P) 3603 (98.7) 3601 (134.1) -1 3600 (128.3) -3 
N-H (a) 3588 (7.5) 3600 (15.4) +11 3597 (13.3) +9 
N-H (s) 3522 (6.3) 3529 (11.8) +8 3527 (11.3) +6 
M-π 1  219 (17.5)  110 (1.4)  
O-H 3824 (103.7) 3814 (137.0) -10 3814 (134.6) -10 
C-Oa1 1854 (324.0) 1848 (301.2) -6 1848 (304.4) -6 





𝑣 (cm-1) ∆𝑣 (cm-1) 𝑣 (cm-1) ∆𝑣 (cm-1) 
C-H (Ra1) 3229 (5.0) 3227 (23.1) -1 3222 (1.7) -6 
C-H (Ra2) 3220 (7.6) 3222 (5.2) +2 3220 (10.2) -1 
C-H (Ra3) 3213 (6.5) 3220 (22.3) +7 3214 (25.9) +1 
C-H (Ra4) 3204 (1.2) 3215 (28.9) +11 3212 (0.2) +8 
C-H (Ra5) 3187 (3.5) 3208 (19.7) +21 3208 (13.7) +21 
C-H (Rb1) 3226 (7.6) 3227 (23.1) +1 3222 (1.7) -4 
C-H (Rb2) 3217 (8.4) 3222 (5.2) +5 3220 (10.2) +2 
C-H (Rb3) 3207 (2.3) 3220 (22.3) +13 3214 (25.9) +7 
C-H (Rb4) 3199 (0.2) 3212 (0.8) +13 3212 (0.2) +13 
C-H (Rb5) 3190 (3.4) 3203 (1.4) +12 3208 (13.7) +18 
N-H (P) 3603 (98.7) 3628 (51.5) +25 3638 (55.8) +36 
N-H (a) 3588 (7.5) 3638 (21.5) +50 3634 (19.2) +46 
N-H (s) 3522 (6.3) 3546 (23.0) +24 3543 (20.8) +22 
M-π 1  407 (62.5)  344 (5.0)  
O-H 3824 (103.7) 3785 (219.8) -38 3791 (210.0) -33 
C-Oa1 1854 (324.0) 1858 (276.5) +4 1861 (272.7) +7 
C-Oa2 1784 (332.9) 1766 (165.0) -18 1761 (177.2) -23 
 
Note: All values are in cm-1. 
 
*[N-H (P)] = peptide N-H stretching, (a) = asymmetry, (s) = symmetry, 𝑣 = frequency, ∆𝑣 = shifts, Ra = 
ring a (that only binds with metal ion), Rb = ring b (does not bind with metal ion), *R = right ring, *L = left 






From Figure 11, all the N-H stretching of ligand 4P shows blue shifts due to the 








Figure 11. The vibrational frequency shifts of asymmetric N-H stretching [N-H (a)], 
symmetric N-H stretching [N-H (s)] of NH2 group, and peptide N-H stretching [N-H (P)] 














In conclusion, four different conformers of Phe-Phe were selected in order to bind 
them with four different metal ions (Na+, K+, Mg2+ and Ca2+) by choosing three or four 
different modes. All the calculation of all complexes were obtained at M06-2X/6-
311+G(2d,2p) level. In this study, we found that Na+ binds stronger than K+ and Mg2+ 
binds stronger than Ca2+. Then the binding affinity followed this order: Mg2+ > Ca2+ > 
Na+ > K+ with any of the conformers considered for Phe-Phe dipeptide. In case of Metal 
ion binding with two aromatic rings and with lone pair of electrons of oxygen produces 
significantly high binding energy values compared to any other situation. The binding 
energy for the metal ion interacting with only one aromatic ring is the lowest. In addition, 
the nonbonding distances between the K+ metal ion and the center of the ring is longer 
than that with Na+. The distance from Ca2+ to the aromatic ring center is longer than that 
with Mg2+. Our study reveals the preference for metal ion binding sites for different 
conformers of phenylalanine dipeptide. 
Vibrational frequencies were calculated to confirm that the structures are minima 
on the potential energy surface. In the case of metal ion binding with the two rings of 
ligand, all the C-H stretching frequencies showed the blue shifts (+ values); however, 




frequencies, the complexes with Na+ metal ion demonstrate much higher intensity values 
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